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Using femtosecond time-resolved photoelectron spectroscopy we demonstrate that photoexcitation
transforms monoclinic VO2 quasi-instantaneously into a metal. Thereby, we exclude an 80 fs structural
bottleneck for the photoinduced electronic phase transition of VO2. First-principles many-body
perturbation theory calculations reveal a high sensitivity of the VO2 band gap to variations of the
dynamically screened Coulomb interaction, supporting a fully electronically driven isostructural insulator-
to-metal transition. We thus conclude that the ultrafast band structure renormalization is caused by
photoexcitation of carriers from localized V 3d valence states, strongly changing the screening before
significant hot-carrier relaxation or ionic motion has occurred.
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Since its discovery in 1959 [1], studies of the VO2 phase
transition (PT) from a monoclinic (M1) insulator (Fig. 1, top
left) to a rutile (R) metal at TC ¼ 340 K (Fig. 1, top right)
have revolved around the central question [2–5] of whether
the crystallographic PT is the major cause for the electronic
PT or if strong electron correlations are needed to explain
the insulating low-T phase. While the M1 structure is a
necessary condition for the insulating state below TC, the
existence of a monoclinic metal (mM) and its relevance to
the thermally driven PT is under current investigation [6–12].
In particular, the role of carrier doping at temperatures close
to TC by charge injection from the substrate or photo-
excitation has been increasingly addressed [6,8,13–16].
One promising approach to disentangling the electronic
and lattice contributions is to drive the PT nonthermally
using ultrashort laser pulses in a pump-probe scheme.
Time-resolved x-ray [17,18] and electron diffraction
[16,19] showed that the lattice structure reaches the R
phase quasithermally after picoseconds to nanoseconds.
Transient optical spectroscopies have probed photoinduced
changes of the dielectric function in the terahertz [20–22],
near-IR [9,10,17,23], and visible range [23]. The non-
equilibrium state reached by photoexcitation (hereinafter
transient phase) differs from the two equilibrium phases,
but eventually evolves to the R phase [17–28]. The
observation of a minimum rise time of 80 fs in the optical
response after strong excitation (50 mJ=cm2), described as
a structural bottleneck in VO2 [24], challenged theory to
describe the photoinduced crystallographic and electronic
PT simultaneously [15,25].
Time-resolved photoelectron spectroscopy (TR-PES)
directly probes changes of the electronic structure.
Previous photoelectron spectroscopy (PES) studies of
VO2 used high photon energies generating photoelectrons
with large kinetic energies to study the dynamics of the
electronic structure; however, with a low repetition rate
(50 Hz [27]) and inadequate time resolution (> 150 fs) the
ultrafast dynamics of the electronic PT were inaccessible
[28]. Thus, fundamental questions—namely, how fast and
why the band gap closes and whether this happens before or
simultaneously with the crystallographic PT (Fig. 1, top,
center)—remained unanswered.
In this Letter, we use TR-PES to directly monitor the
photoinduced changes of the density of states (DOS)
around the Fermi energy EF, which define the conduction
properties of VO2. We show that the insulating gap
collapses during the exciting laser pulse (< 60 fs) with
no sign of a structural bottleneck. The transient phase is an
excited mM with carrier relaxation times on the order of
200 fs. This interpretation of the experimental results is
supported by first-principles calculations based on many-
body perturbation theory. They reveal that the band gap in
theM1 phase is extremely sensitive to small changes in the
occupation of the localized d bands that alter the dynami-
cally screened Coulomb interaction. We thereby identify
the origin of the metallization: photoexcitation induces
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holes by depletion of the V 3d valence orbital population
[29,30], strongly affecting the screening and collapsing the
band gap. Finally, the analysis demonstrates that, due to
their strong localization, photoinduced holes are more
effective than electrons in driving band gap renormaliza-
tion. In fact, hole doping can completely close the gap
without the need of a structural change, thus initiating a
“hole-driven insulator-to-metal transition.”
The 45 nm epitaxial VO2 film on a c-cut sapphire crystal
was grown at room temperature by pulsed laser ablation of
a V target in oxygen [31]. For PES, it is kept under
ultrahigh vacuum conditions and prepared by annealing
cycles in an oxygen atmosphere. TR-PES is performed
using a regeneratively amplified femtosecond laser work-
ing at a repetition rate of 40 kHz. A pump pulse
(hνpump ¼ 1.54 eV) launches the nonequilibrium dynamics
and its fourth harmonic (hνprobe ¼ 6.19 eV) serves as probe
pulse for photoemission. The incident pump fluence was
6.7ð8Þ mJ=cm2 (approximately 0.08 electrons per V atom)
and the probe fluence was kept below 8 μJ=cm2 to avoid
charging of insulating VO2 and space-charge effects [32].
Figure 1 bottom (left and right) depicts the photoelectron
spectra of VO2 in equilibrium at energies within the
≈0.6 eV band gap of the insulating phase [33]. The blue
curve (299 K) exhibits the high-energy tail of the VO2
valence band (VB). Heating the sample leads to a buildup
of intensity (dotted curves, left) and a Fermi-Dirac
(FD)-like spectrum centered around EF at 372 K (orange
curve). This thermally induced photoemission (PE) inten-
sity is suppressed upon cooling (dotted curves, right). The
spectral weight below EF follows a hysteresis centered at
330 K with a width of 25 K (center panel) in line with
optical experiments [32]. The difference between the high-
and low-temperature photoelectron spectra is plotted in
Fig. 2(b) (green). Because of the excellent agreement of the
thermally induced change of the PE intensity with the
parameter-free FD distribution for 372 K (black) [34], we
conclude that, using hνprobe ¼ 6.19 eV, we are sensitive to
the electronic PT in VO2.
In order to elucidate how the photoinduced electronic PT
evolves, we perform time-resolved PES. We expect photo-
induced changes on the order of 1%–10% of the thermally
induced change, as reported for optical experiments at
comparable pump fluences [10,17,26]. This is because only
parts of the probed volume are transformed into the transient
phase [Fig. 2(a), inset] at excitation densities below the
saturation regime (Fsat ≈ 4FTH, where FTH is the threshold
fluence for the PT) [16,24,26] similar to the thermally driven
PT [12,35]. While optical experiments probe photoinduced
changes due to carrier dynamics in the conduction band (CB)
and VB of insulating VO2 and close to EF of (potentially
photoexcited) metallic VO2, the energy selectivity of PES
permits us to exclusively monitor photoinduced changes due
to metallization by probing the dynamics in the gap of
insulating VO2. Figure 2(a) shows the photoelectron spectra
before (blue) and > 1 ps after the pump pulse. Indeed, the
photoinduced change is very small. The difference is plotted
in Fig. 2(b) (red markers) and compared to the thermally
induced metallic spectral function (green).
As in optical experiments at comparable excitation
fluences (see, e.g., Ref. [26]), the photoinduced signal
is considerably smaller than the thermally induced one (here
5%). Yet, the curves show remarkable agreement, implying
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FIG. 1 (color online). Top: the photoinduced PT from the
insulating M1 phase (left) to the metallic R phase (right) could
proceed via a transient mM phase (green) or concurrently with the
structural PT. Gray balls illustrate the V atom positions. Bottom:
heating leads to the buildup of the photoemission (PE) intensity
in the band gap (left), which is depleted upon cooling (right).
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a hysteresis (center).
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FIG. 2 (color online). (a) Photoelectron spectra before (blue)
and > 1 ps after pump (red, 6.7ð8Þ mJ=cm2). Inset: illustration
of partial switching of selected domains. (b) Comparison of
thermally induced (green) and persistent photoinduced change
(yellow, orange, red). The latter spectra were binned in energy at a
step size of ΔE ¼ 45 meV.
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that the pump pulse has metallized individual grains of the
sample [Fig. 2(a), inset]. Moreover, the signature of this
transient metallic phase is practically identical with that of
the thermally switched rutile VO2. This direct observation
of metallicity (defined by the presence of a Fermi edge) in
photoexcited VO2 on ultrafast time scales goes beyond
optical probes of metal-like dielectric functions, because
those can be influenced strongly by a highly excited electron-
hole plasma in the CB andVB or structural changes that alter
the dielectric function [36].
Figure 3 presents the ultrafast dynamics of the photo-
induced electronic PT. The pump-induced change of the PE
intensity is depicted in false colors [Fig. 3(a)] and is
characterized by a fast component (femtosecond time scales)
and a long-lived intensity below EF, which is spectrally
equivalent to the photoinduced change in Fig. 2(b). More
precisely, the pump-induced intensity below EF represents
the spectral signature of the transient metallic phase. Fully
established at 1 ps, it is never modulated by coherent
oscillations and remains unchanged for up to 400 ps (not
shown). This is noteworthy, as some time-resolved diffrac-
tion experiments on VO2 demonstrate an evolution of the
atomic lattice over nanoseconds [16–19]. The invariance of
the time-resolved photoelectron spectra on picosecond time
scales shows that intermediate steps of the crystallographic
PT have no effect on the FD distribution observed here,
implying that the photoinduced electronic PT, i.e., the band
gap collapse, is completed before 1 ps elapses.
Note that the photoinduced change of the time-resolved
PE signal in the gap below EF results only from individual
pump-induced metallized crystal domains, as photoexcited
carrier dynamics in insulating VO2 would occur at different
energies (in the CB and VB). Thus, the PE intensity above
EF [purple bar in Fig. 3(a)] corresponds to excited electrons
in the transient (metallic) phase and the PE intensity below
EF (green bar) to dynamics in its occupied electronic band
structure. The latter cannot result from defect states in the
gap, as thesewould already be occupied in equilibrium [37].
The temporal evolution of the integrated PE intensity in
these energy windows is shown in Fig. 3(b). Both traces are
well fit by single exponential decays (black curves) with
constant offsets [38], convolved with the laser pulse
envelope (duration: 61(5) fs [32]). The fits yield average
decay constants τe ¼ 160ð70Þ fs and τh ¼ 210ð60Þ fs.
Importantly, the PE intensity in the gap is observed quasi-
instantaneously at photoexcitation. We do not observe a
delayed rise of intensity below EF with a time scale of 80 fs
as expected for a structural bottleneck [24,32]. On the
contrary, the photoinduced PE intensity decreases on a time
scale of 210 fs as expected for hole relaxation towards EF
from lower energies. Figure 2(b) depicts difference photo-
electron spectra at t ¼ 0 and 60 fs. They clearly display
transiently occupied states close toEF, superimposed by the
lifetimeless intensity from two-photon absorption through
virtual states. Therefore, the electronic PT occurs with the
photoexcitation of the electronic structure and precedes any
significant ionic motion towards the R phase.
In order to identify the physical mechanism for ultrafast
metallization of photoexcited VO2, we performed first-
principles calculations of the quasiparticle DOS within
a many-body Green’s function approach [32,39]. We
adopted the GW approximation for the self-energy Σ [40],
because the quasiparticle self-consistentGW approximation,
which naturally accounts for the localized character of the
V 3d electrons, yields reliable quasiparticle band struc-
tures [41,42] compared to experiments [33]. Alternatively,
cluster DMFT (dynamical mean-field theory) is also able to
describe the electronic structure of monoclinic VO2 [5,43].
In the GW approximation Σ is given by the product of the
one-particle Green’s function G and the dynamically
screened Coulomb interaction WðωÞ ¼ ε−1ðωÞv. Here v is
the bare Coulomb interaction and ε−1 is the inverse dielectric
function calculated in the random-phase approximation
including electron-hole and plasmon excitations [32].
The abruptness of the experimentally observed gap
collapse justifies a Born-Oppenheimer approach with a
“frozen lattice.” In this spirit, we redistribute a portion of
the VB electrons equivalent to the experimental excitation
density (0.075 electrons per V atom) to the unoccupied
states. Note that our findings are robust with respect to
excitation density [32]. We then calculate the screened
interaction ΔW that is changed by the presence of the
additional carriers and the quasiparticle DOS with the
self-energy ΔΣ ¼ GΔW [32,44]. This redistribution
of the electron and hole populations in the VB and CB
is sufficient to lead to a collapse of the band gap [Fig. 4(a)].
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FIG. 3 (color online). (a) PE intensity change versus pump-
probe delay close to EF. Photoelectrons are detected immediately
in the gap, showing the quasi-instantaneous collapse (cf. cartoon,
energy axis is to scale). Integration of the PE intensity above
(purple) and below (green) EF yields the respective transients in
(b). The empirical fit (black) quantifies the averaged hot electron
(hole) lifetimes [32].
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In contrast to ordinary semiconductors where free-carrier
doping leads to a moderate band gap narrowing [44–48]
and never results in a complete band gap collapse purely
electronically [48], this extreme sensitivity of VO2 to
changes of the V 3d occupation is a distinctive and unique
property of correlated materials [49].
The dynamical screening in fact increases significantly
in the low-energy region [<1.5 eV, see Re εðωÞ and
Im εðωÞ in Fig. 4(b)] due to creation of new VB-VB and
CB-CB intraband electron-hole channels in the photo-
excited system, while it remains almost unchanged in
the high-energy region. This finding is robust with respect
to variations of the charge redistributions involving the
depopulation of the V 3d bands [32]. In order to unravel the
microscopic mechanism at the origin of the band gap
collapse, we separately analyze the effect of changing the
occupations of only the VB or CB.We find that hole doping
at the top of the VB alone indeed induces the band gap
breakdown [32] as suggested before [50]. We rationalize
these findings by the fact that VO2 possesses an almost
nondispersive top VB corresponding to localized V 3d
states [41,51]. Population changes of these states strongly
enhance low-energy screening, leading to instantaneous
metallization (band gap closure). Note that pure electron
doping also leads to a reduction of the band gap but without
metallization (no band gap closure) [32].
The relevant elementary processes are sketched in the
inset of Fig. 3(a). Absorption of pump photons lifts localized
electrons from the top VB into the CB of insulating VO2.
This photocarrier doping causes an instantaneous break-
down of the gap [52] and excited electrons and holes
subsequently relax at a slower rate towards equilibrium at
EF. The experimentally determined hot carrier relaxation
times of order 200 fs agree nicely with observations from
other experiments. A similar time constant characterizes the
incoherent time-dependent response of the conductivity in
the terahertzmeasurements of Pashkin et al. [22],whichmay
well originate from excited carriers in the CB of VO2. Also,
pump-probe experiments of the transient phase revealed that
the optical response of photoexcited VO2 starts to resemble
that of the thermally metallized sample after 200 fs [26].
Photoexcitation of VO2 creates an excited metal whose
optical and electronic properties become similar to those of
the thermally driven material only after the hot carriers have
equilibrated. It is possible that the subsequent evolution of
photoexcited VO2 towards the R phase occurs quasither-
mally, as the hot carriers thermalize with the lattice and heat
it above TC. Unlike the thermal PT, where lattice distortion
and Coulomb interaction cooperatively drive the formation
of the insulating gap, photoexcitation of the electronic
system instantaneously modifies the electronic correlations
causing the gap collapse, which is subsequently stabilized
by the structural evolution.
In conclusion, the present experimental and theoretical
work provides a comprehensive description of the elemen-
tary steps of the photoinduced electronic PT in VO2. The
band gap of the insulating phase collapses instantaneously
upon photoexcitation due to carrier doping, revealing an
ultrasensitivity of VO2 to variations of the screening by holes
at the top of the V valence bands. The band gap collapse is
followed by hot carrier relaxation in the transient metallic
phase on a 200 fs time scale andquasithermal evolution of the
system towards the high-T phase. The abrupt vanishing of
the band gap proves the absence of a structural bottleneck in
the photoinduced electronic PT [36]. Moreover, the elec-
tronic PT precedes the time scales observed for the crystallo-
graphic PT [18,19], in excellent agreement with recent
observations of a photoexcited mM-like VO2 [16]. These
new insights into the character of the isostructural insulator-
to-metal transition in VO2 provide not only a novel under-
standing of the physicalmechanisms of the phenomenon, but
also establish the basis for new experimental and theoretical
studies of photoinduced dynamics in the transient metallic
phase of VO2 as well as other correlated materials.
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